Analysis of vibrational motions and thermal fluctuational dynamics is a widely used approach for studying structural, dynamic and functional properties of proteins and nucleic acids. Development of a freely accessible web server for computation of vibrational and thermal fluctuational dynamics of biomolecules is thus useful for facilitating the relevant studies. We have developed a computer program for computing vibrational normal modes and thermal fluctuational properties of proteins and nucleic acids and applied it in several studies. In our program, vibrational normal modes are computed by using modified AMBER molecular mechanics force fields, and thermal fluctuational properties are computed by means of a selfconsistent harmonic approximation method. A web version of our program, MoViES (Molecular Vibrations Evaluation Server), was set up to facilitate the use of our program to study vibrational dynamics of proteins and nucleic acids. This software was tested on selected proteins, which show that the computed normal modes and thermal fluctuational bond disruption probabilities are consistent with experimental findings and other normal mode computations. MoViES can be accessed at http://ang.cz3.nus. edu.sg/cgi-bin/prog/norm.pl.
INTRODUCTION
Analysis of biomolecular vibrational and thermal fluctuational dynamics provides clues to the structural, dynamic and functional properties of proteins, nucleic acids and other biomolecules (1) (2) (3) . It has been extensively applied for probing biomolecular association (4) (5) (6) (7) (8) (9) , conformation changes (3, (10) (11) (12) (13) , domain motions and collective motions (14) (15) (16) (17) , structural fluctuations (18) (19) (20) (21) , pressure effect (22, 23) , entropic effect (24) , energy transfer (25) and proton transfer (26) . A useful computational method for studying vibrational and thermal fluctuational dynamics of biomolecules is normal mode analysis (1, (27) (28) (29) (30) , which has been used in a variety of studies (2, 14, (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . To the best of our knowledge, no freely accessible web-based software is available for computing the vibrational and thermal fluctuational dynamics of biomolecules. It is thus desirable to develop such a tool.
We have developed a program for computing vibrational normal modes (14, 44) and thermal fluctuational dynamics of proteins and nucleic acids (19, 21) . The computed vibrational modes (14, 44) , thermal fluctuational hydrogen-bond disruption probabilities (19) (20) (21) and molecular binding affinities (9) are broadly consistent with experimentally estimated values. The normal modes of a biomolecule are computed by using the harmonic component of the atomic level molecular mechanics energy functions and modified AMBER force fields that include bond stretch, bond angle bending, bond torsion, hydrogen bonding and contributions from intermolecular nonbonded van der Waals and electrostatic interactions (14, 44) . The thermal fluctuational dynamics of a biomolecule is derived from a self-consistent harmonic approach using the full atomic level molecular mechanics energy functions and modified AMBER force fields (19) (20) (21) . To facilitate the study of the properties of proteins and nucleic acids, a web version of our program, MoViES (Molecular Vibrations Evaluation Server), was set up for computation of vibrational normal modes and thermal fluctuational properties of proteins and nucleic acids. This software was tested on several proteins to compare the *To whom correspondence should be addressed. Tel: +65 6874 6877; Fax: +65 6774 6756; Email: yzchen@cz3.nus.edu.sg
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computed normal modes, thermal fluctuational bond disruption probabilities, and free energy changes with experimental findings and the results from other normal mode studies.
SOFTWARE ACCESS
The MoViES webpage is at http://ang.cz3.nus.edu.sg/ cgi-bin/prog/norm.pl, which is shown in Figure 1 . The three-dimensional structural file of a biomolecule, in PDB format, can be uploaded via the explorer window provided. The average CPU time ranges from minutes for a protein of a few hundred non-hydrogen atoms to hours for one of 1000 atoms, and up to seven days for one of 4000 atoms on an HP J6750 workstation. Because of the long CPU time needed for performing a computation request, the computed results are returned via email and currently the computation is limited to a protein or nucleic acid of 4000 non-hydrogen atoms.
Five files are returned. One file, out_modes, gives the computed normal mode frequencies and mode assignments provided in terms of potential energy distribution (PED) function and kinetic energy distribution (KED) function. The physical meaning and algorithm of PED and KED are discussed in the next section. PED describes the distribution local interaction. Because modes below 30 cm À1 are increasingly non-local in nature, no PED functions below 30 cm À1 are provided in this file. Another file, out_hbnds, provides the computed thermal fluctuational bond disruption probability for all of the hydrogen bonds. The third file, out_therm, gives the computed vibrational thermodynamic quantities, including the vibrational free energy, entropy and specific heat of the studied biomolecule. Moreover, the static energies and their components, computed by using AMBER-based molecular mechanics force fields, are also provided in this file. The fourth file, out_distr, provides the distribution of computed normal modes with respect to frequencies. The last file, out_eigen, is a compressed file that gives the eigenvectors for the lowerfrequency modes. Because of the size limit of mailboxes in the majority of mail servers, the size of the file out_eigen is tentatively restricted to approximately 100 000 lines. Thus for a biomolecule of 100, 1000, and 4000 atoms, only the eigenvectors in the frequency range of 0-1000 cm À1 , 0-100 cm À1 and 0-25 cm
À1
, respectively are provided in the out_eigen file.
COMPUTATIONAL METHODS

Potential functions and parameters
Internal motion of a protein can be modelled by the following Hamiltonian, described in the literature (45) (46) (47) :
where i and j are indexes for atoms, l and m are indexes for bonds (including covalent, disulfide and hydrogen bonds). Bond stretch, angle bending and torsion terms are for bond vibration, motions that change the angle between two neighbouring bonds and rotation around respective rotatable bonds, respectively. S-bond and H-bond terms are for disulfide bond and hydrogen bond interactions, respectively. P i and m i are momentum and mass of the i-th atom. r l is the distance between the two end atoms of a bond (covalent, H-bond or S-bond). k r l and hr l i are force constant and equilibrium bond length for the l-th covalent bond (other than disulfide bond); q lm , k q lm and hq lm i are bond angle, angle bending force constant and equilibrium bond angle between the l-th and m-th bonds f l , V l , n l and g l are torsion angle, potential depth, periodicity and the phase angle for bond rotation (torsion) for the l-th rotatable bond. These parameters are from AMBER (45) .
in an S-bond and H-bond are the potential depth, width and minimum potential position for the l-th S-bond or H-bond. r ij is the distance between the i-th and j-th atoms; A ij and B ij are non-bonded van der Waals potential parameters between the i-th and j-th atoms; q i and q j are the partial charges of the i-th and j-th atoms; e ij is the dielectric constant between the i-th and j-th atoms. These H-bond and S-bond parameters can be found from earlier publications (45) (46) (47) .
Normal mode computation
Under harmonic approximation, internal motions of a bimolecular can be modelled by the following Hamiltonian:
The first term is the kinetic energy term. V st is the static part of the Hamiltonian, i.e. the potential energy terms at equilibrium
and K ij are torsion, S-bond, H-bond and non-bonded force constant, respectively; hf l i, hr l i and hr ij i are equilibrium torsion angle, bond length (for H-bond or S-bond) and distance between non-bonded atom pairs, respectively. The rest of the parameters are the same as in Equation 1 .
The equation of motions associated with the Hamiltonian in Equation 2 is solved in the mass weighted Cartesian coordinate system to derive the vibrational frequency w s and eigenvector q i for each normal mode (14) . The assignment of the underlying motions of a normal mode can be made by analysis of the distribution of potential energy of individual internal motions in that mode (48 s where b jk is the element of the B matrix corresponding to a particular connection in a particular motion. M is a matrix whose element is
, q s is the matrix of eigenvectors corresponding to a particular frequency w s . The kinetic energy distribution function is
Thermal fluctuational hydrogen-bond disruption probability
Thermal fluctuational H-bond disruption probability is computed based on the Bogoliubov variational theorem, which states that the free energy G of a system described by a Hamiltonian H can be approximated by the solutions of an effective Hamiltonian H 0 . From Bogoliubov inequality,
one can self-consistently adjust the parameters of a trial effective Hamiltonian H 0 so as to minimize the right-hand-side terms so that the trial system H 0 can best approach the original system H. Here G 0 is the free energy of the trial system. For small displacement thermal fluctuational motions involved in protein H-bond disruption, the hydrophobic forces are relatively unchanged and the changes in torsion and nonbonded van 
where
The scaling factor (1 À P l ) is introduced to take into consideration disrupted H-bonds in the statistical ensemble and P l is the disruption probability of the l-th H-bond. hu 2 l i is the mean square vibrational amplitude of the l-th H-bond given in terms of vibrational normal modes:
where w n and n are the frequency and index of n-th normal mode, s ln is the mass weighted eigenvector of the n-th normal mode for the l-th H-bond, T is the temperature, k B Boltzmann's constant and r Planck's constant divided by 2p. The average length hr l i of an H-bond was computed by setting
. The probability of finding an H-bond fluctuating beyond a certain break-away point, i.e. the disruption probability of law individual H-bond, is given by
where L max l is the maximum stretch length (break-down point) of the H-bonds. It is given as the smaller of the maximum allowed bond length 3.5 Å and the potential inflection point (where V 00 = 0, which gives L max l = r min l 1 a ln2) (9) . Based on the Boltzmann relationship, P l $ e RTDG , ÀRTlnP l can be considered as a quantity approximately associated with H-bond disruption free energy. Table 1 gives the computed lowest normal mode frequencies (below 20 cm À1 ) of Crambin (PDB id: 1CNR) along with those of the same protein entry computed by Teeter and Case using both normal mode and quasi-harmonic analysis (49). Teeter and Case have used eight potential functions for normal mode computation. Table 1 gives only the modes computed by using DISCOVER functions, which are closest to those obtained from the quasi-harmonic analysis in the same study. The reported quasi-harmonic frequencies in that study were computed by using the simulation data at several time scales. Only the frequencies from the results of the longest simulation scale, 100 ps, are listed in Table 1 . Table 1 shows that our computed frequencies are in fair agreement with those of quasi-harmonic analysis, and these frequencies are also in qualitative agreement with those of normal mode analysis obtained by Teeter and Case. Figure 2 shows the distribution of the computed normal modes for the wild-type alpha-lytic protease (PDB id: 1GBK). The distribution of the normal modes of this protein has also been computed by Miller and Agard (39) . The shape of the distribution of our computed normal modes is very similar to that of Miller and Agard, and it is also similar to those reported for other proteins (29, (50) (51) (52) . Table 2 gives the computed frequencies and mode assignments, in terms of PED, for the normal modes of hen lysozyme (PDB id: 1LSE) in the frequency range between 755 and 1665 cm À1 that have available experimental data. For comparison, the observed vibrational spectra described in the literature (53) are also given in the table. As in our previous studies (14, 44) , the computed frequencies are consistent with observed frequencies. Table 3 shows the computed individual H-bond disruption probability, in terms of -RTlnP l , at 293 K, and the derived theoretical H-bond free energy change, in terms of DG H theor , for a selected set of H-bonds in two proteins, T4 lysozyme (PDB id: 3LZM) and ribonuclease T1 (PDB id: 9RNT). These H-bonds were selected because each of them is connected to an amino acid subjected to substitution in site directed mutagenesis experiments (57, 58) . For rough comparison, the estimated free energy DG expt from these experiments for the deletion of the corresponding H-bonds is included in the table.
RESULTS AND DISCUSSION
An H-bonded atom may have more than one potential H-bonding partner, including both protein atoms and water molecules found in the crystal structure. Only intra-protein hydrogen bonds are included in Table 3 so that their possible correlation with protein engineering experiments may be fully explored. There are a number of three-centre (bifurcated) Frequency (cm -1 ) Figure 2 . The distribution of normal modes for wild-type alpha-lytic protease (PDB id: 1GBK). The histograms show the mode density versus frequency for all normal modes less than 1000 cm À1 . The bin width is 5 cm À1 .
H-bonds found in Table 3 . A three-centre H-bond involves a hydrogen atom shared by two acceptor atoms and one donor atom, which differs from a normal H-bond in that a hydrogen atom interacts with two acceptor atoms instead of one. The free energy of the disruption of such a bond can be estimated by using the solvent-accessibility weighted sum of the logarithm of the probability for these two interactions, as discussed below (21). The assignments of the modes are from the analysis of PED. Only those modes that appear in the Raman spectrum are given. The frequencies and PED of the corresponding modes in other residues are relatively close to those given in this Table. These corresponding modes are indicated by in the residue column. 
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where s i is solvent accessibility (percentage buried) for the i-th H-bond partners in l-th H-bond. As shown in Table 3 , there are two hydrogen bonds with zero s 0 . Although the computed DG H theor of zero differs from experiments, it is due to the neglecting of water-mediated H-bonds. Our earlier study (21) showed that inclusion of water-mediated H-bonds at the surface of a protein improves the agreement between computed results and experimentally estimated values.
Substantial difference was found between our computed and experimental results for hydrogen bonds from the majority of Tyr and Asn. One possible reason for this is the difficulty in estimating the contribution from conformational entropy to DG in a site-mutagenesis experiment. Conformational entropy of Tyr!Phe and Asn!Ala mutants in these proteins was found to make a larger contribution to DG, while there is presently no reliable way to make corrections (55) .
The difference between DG expt and DG H theor is expected for several reasons. First, although efforts were made to separate from DG expt factors such as small changes in configurational entropy, hydrophobic burying, Coulomb and van der Waals interactions, a clear-cut separation is not always possible (55, 56) . These factors introduce small deviations in experimentally estimated H-bond free energies. Second, as shown in Table 3 , some sites might involve three-centre H-bonds and the measured free energy is associated with this kind of H-bond rather than a single H-bond. The pairwise potential commonly used to describe a single H-bond may not be accurate enough for bifurcated H-bonds. Third, the unpaired partners in a mutant protein might be able to form H-bonds to alternative partners. It is highly possible when the protein is surrounded by a large number of water molecules in a real thermal fluctuational situation. Moreover, neglect of the effect of structured water (such as water-mediated H-bonds) may also result in the discrepancy between computed and experimental results.
CONCLUSION
A web-based software program MoViES for computing vibrational properties of proteins and nucleic acids is presented. Molecular-mechanics-based force fields and self-consistent methods are used for the computation. The computed results on selected proteins are consistent with experimental results. Efforts are being made to expand the range of MoViES to include small molecules and structured waters (such as watermediated hydrogen bonds). These, along with further improvement in the molecular force fields, will enable the development of MoViES into a useful tool for facilitating the study of the fluctuational dynamics of biomolecules.
